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RNA phage production was observed in Escherichia coli hfq mutant strains transformed with plasmids containing genomic
cDNA of phages Qb or MS2. Qb production was reduced 5000-fold in an insertional mutant containing an omega cassette
in the middle of hfq, but was unaffected in a mutant with the cassette near the end of hfq. The insertions had no effect on
MS2 replication. q 1997 Academic Press
The Qb host factor of Escherichia coli was discovered dependence of the replication of phage Qb and of the
distantly related phage MS2 on the host factor in vivo.as a protein required for in vitro replication of bacterio-
phage Qb RNA (1). It is a heat-stable protein with sub- We took advantage of the fact that in E. coli F0 host cells
(that cannot be infected by phage particles) plasmidsunits of 11.2 kDa occurring as hexamers or pentamers
(1–5). It is slightly basic and has a high affinity for RNA containing a complementary DNA (cDNA) copy of a com-
plete RNA phage genome give rise to phage production(2), especially for poly(A) (3). Its role in Qb RNA replica-
tion in vitro consists in enabling Qb replicase to use the even if the phage cDNA is not preceded by an E. coli
promoter (12). This observation was explained by fortu-viral plus strand as a template for the synthesis of minus
strand RNA, whereas it is dispensable for the synthesis itous readthrough transcription through the phage ge-
nome, followed by RNA processing, phage replication,of plus strands from the minus strand template. Electron
and lysis by a fraction of the cells in a culture (12). Themicroscopic evidence suggests that the host factor in-
plasmid system allows the highly sensitive detection ofduces a conformational change in the plus strand RNA
RNA phage replication independent of the initial stepsmaking its 3*-end available to replicase for initiation (6).
of normal phage replication.It is an abundant protein (30,000 to 60,000 molecules/
The two strains with interrupted hfq genes used incell) associated with ribosomes and nucleoid (4, 5). The
this study, NU426 (E. coli K12 W3110 sup (Am) proto-gene for the host factor, hfq, was described only recently
troph) hfq1 and NU426 hfq2 (TX2822 and TX2761, re-(4). Insertional inactivation of the hfq gene resulted in
spectively; 7), carry an insertion of an omega elementbroadly pleiotropic phenotypes (7). However, it has not
resulting in chain termination at codon 41 and follow-been determined whether hfq function is required for
ing codon 78 of the 102 amino acid coding sequence,phage Qb replication in vivo. Recent work established a
respectively. Whereas the hfq1 mutant exhibited pro-requirement of the host factor in E. coli (8) and of its
nounced pleiotropic phenotypes, the hfq2 mutant washomolog in S. typhimurium (9) for efficient translation of
only slightly different from the corresponding parentthe RpoS sigma factor, which mediates expression of a
strain (7). Preliminary tests showed that in the parentregulon when cells enter stationary phase or are osmoti-
strain NU426 (hfq/), in contrast to other host strainscally shocked. Other observations demonstrated that the
(e.g., HB101) used in our earlier studies, neither plas-respective homologs of the host factor were required for
mid pBRT3Qb, containing the complete phage QbnifA expression in Azorhizobium caulinodans (10) and for
cDNA (6), nor plasmid pMS21, containing the completeheat stable enterotoxin production in Yersinia enterocoli-
phage MS2 cDNA (a generous gift from Dr. A. C. Pal-tica (11).
menberg, Madison, WI; 13) could be stably propagated,In this study, we used E. coli hfq mutants to test the
probably due to a too high phage production. The
phage cDNA sequences were therefore transferred
into the vector plasmid pET11a, in which readthrough1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (41)1-3717205. transcription is controlled by a lac operator (14), by
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FIG. 1. Growth curves and phage titers of cultures of E. coli strains with or without mutations in the Qb host factor gene, transformed with
plasmids pETQb or pETMS2 containing complete cDNAs of bacteriophages Qb or MS2, respectively. Strains transformed with plasmid pETQb
(plots a–i): Parent strain NU426 (hfq/) (a); NU426 hfq1 (b); NU426 hfq2 (c); Parent strain NU426 (hfq/) harboring plasmid pTX381 (hfq/) (d); NU426
hfq1 harboring plasmid pTX381 (hfq/) (e); NU426 hfq2 harboring plasmid pTX381 (hfq/) (f); Parent strain NU426 (hfq/) harboring empty vector
plasmid pACYC184 (g); NU426 hfq1 harboring empty vector plasmid pACYC184 (h); NU426 hfq2 harboring empty vector plasmid pACYC184 (i).
Strains of E. coli NU426 transformed with plasmid pETMS2 (plots j– l): Parent strain NU426 (hfq/) (j); NU426 hfq1 (k); NU426 hfq2 (l). Data points
are the average of at least three independent determinations. Standard deviations are indicated by brackets. N, PFU/ml (l), or CFU/ml (h).
inserting appropriate restriction fragments comprising lin (100 mg/ml) were suspended in 1 ml liquid medium of
the same composition and incubated at 377 with shaking.the phage cDNAs, including no more than 20 base
pairs of 5*-flanking DNA derived from the previous vec- After 5 min and later at regular intervals, aliquots were
appropriately diluted and spread on LB plates with ampi-tor, into the single BamHI site (Qb cDNA) or the single
XbaI site (MS2 cDNA). The resulting plasmids pETQb cillin to determine the number of colony-forming units
(CFU), while other aliquots after dilution were treatedand pETMS2 were propagated stably in the host strain
NU426. with chloroform, mixed with E. coli Q13 indicator bacteria
(15) in soft agar, and spread on LB plates (without antibi-The mutant strains NU426 hfq1 and NU426 hfq2 and
otics) to assay the number of plaque-forming units (PFU).the parent strain NU426 were transformed by electropor-
ation with plasmid pETQb. Single colonies of trans- The growth curves (Figs. 1a–1c) show that whereas
during the logarithmic growth phase of the wild-type cul-formants grown overnight on LB-agar containing ampicil-
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ture the ratio of PFU to CFU is about 15:1, the correspond- known that the error rates of E. coli RNA polymerase (17)
and Qb replicase (18) are orders of magnitude highering value for the hfq1 mutant is 1:250 to 1:500, indicating
an about 5000-fold reduction in phage production per than those of DNA replication. We have recently obtained
evidence that this explanation could account at leastcell. This contrasts with the growth curves of the hfq2
mutant, whose phage production per cell appears even partially for the phage produced in the hfq1 mutant (D.S.,
H.-C.T.T., and H.W., unpublished). When phages pro-slightly higher than that of the wild type, although the
difference may not be significant. duced by the hfq1 (or equally by the wild type) host after
transfection with plasmid pETQb were plated on an E.To ascertain that the lower phage yield of the hfq1
mutant was an effect of the lack of host factor and not coli Q13 derivative carrying the hfq1 mutation, the
plaques formed were minute, and their titer was 103 toof any other fortuitous difference between the wild type
and the mutant, growth tests were carried out with three 104 times lower than on the wild-type indicator. However,
replating the phage from the minute plaques resulted instrains similar to those described above, but harboring
in addition plasmid pTX381 (7), in which the E. coli wild- an increase of the plaque count on Q13 hfq1 to about
one-fifteenth of that on Q13 hfq/, suggesting that it wastype hfq gene is inserted in the medium-copy-number
vector pACYC184. Control tests with strains in which already mutated to partial host factor independence. On
further passaging on the hfq1 host the phages evolvedplasmid pTX381 was replaced by the empty vector plas-
mid were done in parallel. The results show that while to almost the same titer and plaque morphology as that
of wild-type phage on wild-type Q13, and we are currentlythe empty vector plasmid had little influence on the
phage yield in the three strains (Figs. 1g–1i), plasmid analyzing the sequence changes associated with this
adaptation.pTX381 was able to complement the hfq1 mutation effi-
ciently, such that no significant difference was detectable The finding that the replication of phage MS2 is not
affected by the lack of the Qb host factor in its host cellin the growth curves of the three strains (Figs. 1d–1f).
All three strains harboring the hfq plasmid produced is in agreement with in vitro results (19, 20), demonstra-
ting that the host factor requirements of group I andabout three times less phage than the pETQb-trans-
formed wild-type strain NU426, an effect possibly related group II phages (e.g., MS2 and GA, respectively) are
different from those of group III and group IV (e.g., Qbto changes in cell physiology caused by overproduction
of host factor (7). and SP, respectively). Moreover, the normal phage MS2
production observed in the hfq1 mutant host supportsIn a further experiment the three strains NU426, NU426
hfq1, and NU426 hfq2 were transformed with plasmid the conclusion that the low phage Qb yield from this
mutant is a direct consequence of the lack of the hostpETMS2, and phage and cell numbers were assayed as
described above. As shown in Figs. 1j–1l, all three factor function for Qb RNA replication, rather than an
indirect effect of the altered physiology in the mutant cell.strains produced phage MS2 at a similar, very high level.
Our results show that the replication of bacteriophage The host factor protein of mutant hfq2 lacks 24 amino
acids at the carboxy end but appears to be fully activeQb in vivo is highly dependent on the presence of an
active hfq gene in the host cell. The requirement is, how- both in its cellular and in its phage-specific functions, in
accordance with the finding that the host factor homologever, not absolute, and several explanations could ac-
count for the low level of phage production observed in NrfA in A. caulinodans is C-terminally truncated (10).
the hfq1 mutant: (1) The omega insertion could be unsta-
ble in the host strain, resulting in a fraction of cells which
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